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I. INTRODUCTIOU

Closed bomb testings are u valuable an,' dependable i eanr, of
evaluating tne ballistic performances that can be expected frow, a
given propellant lot. ' oreovcr, when the propellant involved is a
classical tuuular or 7-, 19- or 37- perforation grain,
reduction techniques using computers have been developed to
provide the experimentalists with additional information, such Es
the burninE rate as a functior of pressure, fror the data
recorded dur:.ng closed boub .irincs.

Such computations are based upon the fact that, for
classical propellants, it way reasonably be assumed that tie
phcaormenon involved is that of parallel co:.bustion, tha.t is to
say, "he burning rate is the same, at a Liven tiu.•, on every
point of the surface of every propellant Erain of the charge
tested in the closed bor-b.

This hypothesis has been shown to give results that allow a
satisfactory prediction of the results obtained in actual Lun
firings. However, the pdst few years have witnessed tne
development of new generations of propellants involvin% new
ballistic concepts. Among others, consolidated charges and Very
H11Ln Burning Rate (VHBR) propellants 3 have shown proL.isinE.
results for enhancing tne performance level of guns.
Unfortunately, theoretical predictions of the ballistic behavior
of these propellants is difficult due to the fact that the
previous assumption of parallel corbustion is no longer suitable.

Indeed, a consolidated charge is formed by a con-lomer•,>Ž of
propellant Frains held together by a binder. After such a char-e
is ignitca, it is very likely that the tcrains will be separated
from each other and tnat the charge will then behave as -a
conventional charre. But it is no.,t inprobable that this
phenomenon occurs right at the tioc the charge is ignited and
this means that the form function of 'he constituent grains is
not valid during at lea,- the first instants of the comoustion.

IC. Price, A. Juhasz, "A Versatile User-Oriented Closed Bomb Data
Reduction Prograr.. (CERED)," Ballistic Eesearch Laboratory
Technical Report No. ARERL-TR-2018, September 1977, AD# A049465.

21. W. iay, A. A. Juhasz, "Combustion Processes in Consolida ed

Propellants," Ballistic Research Laboratory I eiiorandum Report No.
ARBRL-MR-O31o8, May 1981, AD# A101163.

3A. A. Juhasz, I. W. May, W. P. Aungst, F. R. Lynn, "Combustion

Studies of Very High Burning Rate (VHBR) Propellants," Ballistic
Research Laboratory Memorandum Report No. PRBP.L-IP.R-03152,
February 1982, AD# A113029. 7



It is of great importance then to the modelers to determine the
different steps of the combustion process in order to establish
an empirical form function to be used as code input.

The problem encountered when dealing with VHBR propellants
is of an analogous nature. In fact, a VHBR propellant is not a
homogeneous material, but rather a heterogeneous mixture of very
small particles. To ensure a reproducible and dependable
combustion of such a material, it is essential that the surface
regression be a controlled process, i.e. that the flame front
does not generate a bulk decomposition of the grain or the
pellet of propellant but on the contrary proceeds through the
grain following a linear law so it can be considered that
parallel combustion is the process involved.

Closed bomb testings and weapon firings essentially provide
information on the pressuLre development during propellant
combustion. Although a press- s signal can occasionally carry
some information concerning tk.h mechanical behavior of the
propellant tested, this informat-.on is too limited to allow a
full understanding of the phenomena involved.

Therefore, an experimental fixture has been designed to
allow a visual observation of the combustion process, using flash
radiography or high-speed cinematography. This Optical Closed
Bomb (OCB) includes some parts made either of fiber-reinforced
materials that are translucent and X-ray transparent or simply of
optically transparent plastic. This report presents the design
requirements and the solutions adopted to meet them. Also
presented in the report is the operational procedure for using
the fixture.

II. DESIGN OF OPTICAL CLOSED BOMB

The basic requirements for the design of the fixture were
listed as followsf

1. Fixture must be composed of a combustion chamber and a
surge tank, the volume of which must be large compared
to that of the chamber to allow gases to expand and to
avoid excessive pressurization of the fixture.

2. Fixture must be capable of accepting a blowout disk
between the chamber and the surge tank.

3. Fixture must stand a maximum pressure of 100 MPa (about

15 kpsi) when used with a fiber-reinforced chamber.

4. Chamber must be transparent or translucent for use with
high-speed cinematography, and/or X-ray transmitting for

use with flash radiography.
8



•. Fixture must accept at least piezoelectric pressure
transducers and the possibility of sidewall mounted

strain gap-es.

6. Fixture must be capable of functioning either as a
closed boub or as a strand burner, i.e. gre-
pressurization of fixture rust be possible.

7. Fixture rust be usable with a variety of propellants and

lrnition systems.

3. Fixture i:ust include a nozzle between the chambcr anc
the surge tank. Nozzle rust be rernovable so nozzles of
various sizes ray be inserted in order to perruit the
pressurizatien rate to vary froth one experirient to
a nother.

9. Fixture must accor~odate sample diameter variation,. i.e.
fixture must be capable of accepting chambers of various
sizes.

4 10. Safe venting of combustion gases must be possible
after experim emts.

An assembly drawing of the OCId is given in Figure 1 to be
used as a reference in the following sections of this report.

A. Dcsiý-n of the Combustion Chamber

Consolidated charges and VIPBR propellant grains are of
cylindrical shape and two diarmeters are currently available:
12.7 nr. (0.5 in.) and 36.6"mm (1.44 in.). Therefore, two
different diameters have been selected for the chamber: 15 mm
(0.59 in.) and 40 mm (1.57 in.). However, manufacturing
constraints may lead to slightly different values. For the birLr•er
diameter chamber, the length-diameter ratio has deliberately been
taken equal to 2. This gives a chamber height equal to 80 mm and
a volume of about 100 cm3. The chamber of smaller diameter should
have the same height so the adjustment required for using X-rays
with either chamber can be maintained at a minimum level.

Once the inside diameter of the chamber has been deterr ined,
it is possible to calculate the outside diameter using the thick
wall pressure vessel formula:

+2bý + a

%,ax= p (1I)whee -- a 2

where a mr-ax is the maximuri value of the hoop stress,
p is the pressure inside the vessel,
a is the inside diameter,
b is the outside diameter.
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Figure 1. Assembly D~rawing of Optical rl-oseeI Bomb- (ocr:)
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The hoop stress is a maximum on the inside wall of the
chamber. It should also be noted that Eq. (1) is used with tne
iiplicit assumption that the wall is composed entirely of a
single material. This hypothesis is not quite right in the case
presented here since the requirement of X-ray transparency
imzposes a fiber reinforced composite material as the most
suitable solution. Such a material is typically composed of about
755 glass, Kevlar or carbon fibers held by a binder which
constitutes the remaining 25% of the material. However, despite a
scercity of experimental data to support this, it is usually
considered that the binder plays no significant role in the
mecnanical strength of the material which is hence treated in
theoretic-l predictions as being only composed of the fiber
material. .

The curve presented in Figure 2 shows the value of wall
thickness as a function of the maximum hoop stress of the fiber
i;:aterial for a given pressure (30 kpsi or about 200 N.!Pa) and an
inside diameter of 40 mm.

The maximum stress that can be expected from a filament-
wound naterial depends on the winding angle. A 54-degree wind is
the optimum orientation for a thin wall closed pressure vessel
where the value of the hoop or circumferential stress is twice
that of the longitudinal or axial stress.5 Although the chamber
has already been considered as a thick wall vessel, and because
of an extreme lack of data, the values of the ultimate hoop
stress used in the calculations are those obtained for a thin
wall vessel and the 54-degree angle by computation from the
ultimate tensile properties of the composite in the fiber
direction using netting analysis theory. 5 Those values are;,
193,000 psi (1330 EPa) for an S-glass composite and 123,000 psi
(850 flPa) for a Kevlar composite.

In these conditions, the chamber wall thickness should be
equal to 0.13 in. for a fiberglass chamber and to 0.23 in. when
using Kevlar.

In fact, experiments made at the Societe Nationale des
Poudres et Explosifs (France) show that a fiberglass chamber, the
wind angle of which is 450, can resist a pressure close to 100
M4Pa (15 kpsi) with an inside diameter of 30 mm (1.2 in.) and a

4 H. L. Perritt, "Design and Fabrication of a Kevlar Fiber
Composite 30-mm Gun Tube," Nlaval Surface Weapons Center, Dahlgren
Laboratory Technical Report No. NSWC TR 79-251, July 1979.

5 A. Shibley, H!. L. Perritt, M. Fig, "A Survey of Filament Winding
PLASTEC," Plastics Technical Evaluation Center, Dovcr, N.J.
Report# 10, May 1962.
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Figure 2. Wall Thickness vs Maximum Hoop Stress for a Fiber Reinforced
Cylinder of 40-mm ID at a Loading Pressure of 200 MPa (30 Ypsi)
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thickness of 2.35 rLm (0.1 in.). 6 This corresponds to a value of

about 700 HMPa (100 kpsi) for the maximrum stress. This seems to
justify the use of the values given above in the calculations.

The ends of the chamber are a very critical point in the
design of the chamber. The chamber itself is made of a composite
material and sealing has to be accomplished along the surfaces
where the composite tube is in contact with the other parts of
the chamber. Since the surface of a composite raterial is rather
rough, such a sealing is difficult to achieve.ý Therefore,
metallic end caps are affixed to the ends of the fiberglass tube
""y usinL an epoxy resin which not only holds the caps and the
tube togethier cut also prevents leaks (Figure 3). A compressive
load on the end caps and the chamber after assembly insures that
thu epoxy bond is not overstrained. The end caps make possible
Le use 01 O-rings to seal the chamber. Horeover, under normal
'reebody assumptions, the stress at the ends of the chamber would

be twice as high as the stress along the chamber sidewall. With
this respect, the end caps ensure a clamping of the chamber ends
and thus prevent failures due to the end effect.

Once riounted in place, the chamber is squeezed between a
bottorm plate anu the surge tank through four bolts. This number
was selected because this configuration is the one which makes
easiest the simultaneous use of X-ray and cinematography without
having the bolts spaced on a circle of excessive diameter, as it
would be the case if a larger number of bolts were used.

B. Other Feqture§

The bottom plate was designed so it is "universal," that is
to say, that it can be used with chambers of small or large
diamLeter simply because the end caps are also meant to be
adapters. But this design requires that the central part of the
botton plate be of a small diameter and, as a result, there is
only roor for a pressure transducer on the bottom plate. Tc house
another essential feature, the ignition system, it was then
necessary to include in the OCB a sleeve between the chamber and
the surge tank (Figure 4). This sleeve is in fact merely an
additional portion of the combustion chamber and therefore may
not be "universal" since the inside diameter of the sleeve must

the same as that of the cnaniber.

L4

6R. Gerbet, I1. Nicolas, T-L. Paulin, "Simulateur pour

Visualisation Ge-9 Phenomenes de Balistique Interieure-Contrat
DRE- No. 80/178-Sujet d'Etude No. 2-Note de Synthese," Note
Technique No. 167/'81/CRB/NIP, Societe Nationale des Poudres et

Explosifs (France), 22 octobre 1981.

13
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Figure 3. Schematic of Fiberglass Bomb Section with Steel End Caps
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Figure 4. Igniter Housing Sleeve for OCB
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The firing electrode has to be electrically isolated from
the grounded sleeve and, at the same time it has, of course, to
offer a secure sealing of the chamber. The solution selected to
meet both of these requirements is illustrated in Figure 5. The
electrode fits tightly into a Teflon seal which is double-cone
shaped so it gets tighter around the electrode when it is
squeezed between the housing in the sleeNe and a beryllium-copper
ring which is pushed against the seal by a threaded plug. The
function of the Teflon seal is then double: not only does it
ensure isolation and sealing but it also retains the electrode.
But, as an additional safety feature, the electrode is divided
into an internal and an external part. The two parts are in
contact with each other through larger cross-section portions in
order to make impossible an accidental ejection of the electrode.

The ground electrode is simply a 1/8-in. diameter metallic
wire held in the sleeve by a Swagelok high-pressure fitting.

Also machined in the sleeve are a pressure port designed to
fit a 607C-type Kistler gage and a Harwood 4-L recess so a
venting valve may be installed. This last feature is intended to
allow the venting of the chamber when used with a blowout disk in
case neither the chamber nor the disk yield after combustion of
the charge, a situation which would result in a dangerous
confinement of combustion gases under pressure in the chamber.

As indicated in the list of requirements, and as can be seen
on the assembly drawing presented in Figure 1, a nozzle is
inserted between the chamber and the surge tank. Along with the
bottom plate, the chamber and the sleeve, it is fastened through
the four bolts previously mentioned.

Finally, the surge tank itself is but a relief device. Apart
from the fact that it must be capable of withstanding the maximum
allowable pressure designated for the OCB, its volume must have
the proper value to allow a sufficient expansion of the
combustion gases. In a closed bomb, a pressure of 15 kpsi is
attained for a loading density of about 0.1 g/cm . Hence this is
the maximum allowable loading density for the OCB. Consolidated
charges with a diameter of 36.6 mm weigh approximately 75 g.
(2.65 oz.), which implie5 that the total volume of the OCB must
be equal to about 750 cm when used with the 40-mm diameter (100
cm3) chamber.

Therefore, considering that some additional volume is
generated by the sleeve and the nozzle, a value of 550 to 600 cm3

has been selected for the surge tank itself. The final inside
dimensions for the tank are as follows: 96.5 mm (3.8 in.) in
d.**Lameter, 78.7 mm (3-1 in.) in height and a 12.7-mm (0-5 in.)
radius round edge at the lower pfrt of the tank. These values
yield an inside volume of 560 cm (see Figure 1).

15
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The tank is made of 4340 steel which, under given heat
treatient conditions, exhibits a yield stress of 225,000 psi
(1550 ?hPa). Using Eq.(1), this value can be used to determine the
rminimuM possible tank wall thickness. The result of such a
"calc'ulation is 6.6 nm (C.26 in.). In fact, due to practical

* ccnsiderations, a far larger average wall thickness was used (see
be low).

--. The. tanL is closed at the upper end by a lid which uust be
rctaincc by screws. The sealing is achieved by a 5-in. (127 rnm)
r.-ean diameter Viton O-rinL. At a pressure of 15 kpsi, the force
exerted on the lid is then 2914,500 lbs. (13,617 !). Because of

practical design consioerations, the number of screws used vuzt
not exceed six. A safety factor of about 2 was taken into account
and tlis leads to the use of six 7/8-in. Allen fine-thread screws
wh:ch have a total yield strength of 459,000 lbs. (21240 N). Thc

imatiný threaded holes are machined in the sideoal].

I'creover, t-rec iHarwood 4-L recesses are machined in the
"tank wall so K:arwood fittings may be used to vent the combustion
gases or to connect the fixture to various devices in order to

Sachieve pre-prcssurization and to check the pressure during this
operation.

Finally, the OCB is supported by a frame and, to allow the
"OCB to be used in the horizontal or vertical position, trunnions
are used between the fixture and the frame. These trunnions are
affixed on the outside tank wall and threaded holes must then be
machined in this wall (see Figure 1).

For all those reasons, the tank wall thickness is much
larlger than that obtained by the above calculation and the final
tank outside diameter is 9 in. (228.6 mm).

A complete set of manufacturing drawings for the OCE is
reproduced in Appendix A.

"T Il. OPERATIONAL PROCEDURE

Presented in this section are the steps that should be
followed for easy and safe handling of the OCE. It must first be
noted that a careful cleaning of the whole fixture is absolutely
necessary after each experiment and the design was conducted to
make it easy.

The fýrst step consists of assembling the chamber. To make
this possible, the end caps are previously machined to fit the
"fiberglass or plastic tube which constitutes the sidewall. The
caps may then be affixed to the tube by using an epoxy resin as a
glue and by squeezing the assembly between two parallel surfaces
during the time necessary for the resin to polymerize.

"17

0•)



The assembled chamber is then placed on the firing plate and
"* is thus ready for loading. If the propellant involved in the test
* exhibits a very high sensitivity to static electricity, as is the

case for Hivelite, a thin metallic liner may be inserted along
the inside wall of the chamber without any significant
consequence on the resulting X-ray picture.

The ignition device is then mounted on the sleeve. In some
cases, the propellant grains are packed in a plastic bag and the
igniter (electric match + black powder for example) is imbedded
in the charge; the whole charge is then mounted on the sleeve.
But, when the igniter and the charge are not joined, the charge
is placed first in the chamber and the sleeve on top of the
chamber if the ignition is desired above the charge. Otherwise,
the sleeve is installed first so the '.gniter is underneath the
propellant and the ignition occurs then at the bottom of the
charge.

The chamber is then corplete and may be mounted at the
bottom of the surge tank after tr.e desired nozzle has been
inserted in its housing in the tank. The loaded chamber miust of
course be carried very carefully and the use of a small jack may
be helpful to bring smoothly the chamber to its location beneath
the tank. The screws or threaded rods are then fastened in the
..ating threaded holes in the tank and tightened to hold the
asserbly. If a rupture disk is used, it is important to keep in
nind that the venting valve on the sleeve must be kept open when
assembling the OCB for firing.

Finally, the OCB is closed by fastening the surge tank lid
and the above precaution must still be observed, i.e. the venting
valve, on the tank this time, must be kept open during this
operation. The final steps of the procedure consist of connecting
the ignition device to the firing line and closing the OCD by
shutting the valves.

Once the OCB is closed, all operations, namely, pre-
pressurization of the OCB (if desired), firing, and venting of
the combustion gases, must be remotely conducted until the berib
has been vented after the firing.

IV. CONCLUSIONS

The OCB has been designed to meet a large number of
requirements and to be as versatile as possible. It is therefore
reasonable to expect that it will be widoly used to provide data
on the behavior of a propellant during the combustion.

The use of composite materials in the design of the OCB
makes possible experiments involving such techniques as flash
radiography and high speed cinematography. Since information on
this kind of material is very scarce, it is difficult
theoretically to predict the performances that can be expected

18



fron the fixture. Only experimental testing will provide the
information needed in order to determine the fabrication
parameters of the parts made of composite material.
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APPEHDIX A

IANUFACTURIIUG DRAWINGS

OF THE OCB
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